Pituitary adenylate cyclase-activating polypeptide (PACAP-38) is a member of the vasointestinal polypeptide (VIP)/secretin/glucagon family of neuropeptides for which neuroregulatory functions have been postulated. PACAP-38 receptors are expressed in different brain regions, including hippocampus. In this study, we examined the dose-dependent effects of PACAP-38 on the excitatory postsynaptic field potential (fEPSP) evoked at the Schaffer collateral-CA1 synapse in rat hippocampal slices. Bath application of low dose (0.05 nM) of PACAP-38 induced long-lasting facilitation of the fEPSP. This enhancement was blocked by the cholinergic receptor antagonist atropine and partially by the NMDA receptor antagonist 2-amino-5-phosphonovalerate (APV) and therefore, shares a common mechanism with LTP. In contrast, a high dose (1 µM) of PACAP-38 induced a persistent depression of the fEPSP that was not blocked by antagonists of cholinergic receptors (i.e., atropine and mecamylamine), adenosine receptors (i.e., DCPCX), or glutamatergic NMDA receptors (APV). Intermediate doses (0.1-0.5 µM) of PACAP-38 produced an initial decrease of the fEPSP followed by an enhancement. This decrease was not blocked by atropine whereas the facilitation was. These results show that PACAP-38 modulates CA1 synaptic transmission in a dose-dependent manner and that the peptide interacts with cholinergic and glutamatergic systems.
Pituitary adenylate cyclase-activating polypeptide (PACAP-38) is a 38-amino acid peptide that was first isolated from ovine hypothalamus for its ability to stimulate adenylyl cyclase in rat anterior pituitary cells (Arimura 1992) . PACAP-38 exhibits high sequence identity with vasoactive intestinal peptide (VIP), distinguishing PACAP-38 as a member of the VIP-secretin-glucagon family of peptides. The aminoacid sequence of PACAP-38 has been remarkably conserved during evolution, suggesting that PACAP-38 regulates important physiological functions (Arimura 1992; Masuo et al. 1993) . Two receptors for PACAP-38 have been identified: type I receptors, which are positively coupled to adenylyl cyclase and phospholipase C, and type II receptors, which have only been linked to adenylyl cyclase (Spengler et al. 1993) . PACAP-38 receptors are mainly distributed in the central nervous system including the hippocampus (Masuo et al. 1992 (Masuo et al. , 1993 .
PACAP-38 modulates synaptic activity in several neuronal regions. For example, PACAP-38 enhances in a dosedependent manner the spontaneous release of acetylcholine (ACh) from septal cholinergic fibers in the dorsal hippocampus (Masuo et al. 1993 ). An excitatory action of PACAP-38 on glutamatergic N-methyl-D-aspartate (NMDA) receptors has also been reported in cortical neurons (Martin et al. 1995; Stella and Magistretti 1996; Liu and Madsen 1997) and in sympathetic preganglionic neurons of neonatal rat (Lai et al. 1997; Wu and Dun 1997) . In addition, a high concentration of PACAP-38 (1-3 µM) induces a long-lasting depression of the field excitatory postsynaptic potential (fEPSP) at hippocampal CA1 synapses (Kondo et al. 1997) .
Recently, we found that a relatively low concentration (0.05 nM) of PACAP-38 enhances the CA1 fEPSPs during baseline synaptic transmission, but not after the induction of long-term potentiation (LTP) produced by tetanic stimulation (Roberto and Brunelli 2000) . Atropine, a muscarinic receptor antagonist, blocked the PACAP-induced enhancement of the CA1 fEPSP, suggesting that the PACAP-38 action is mediated by cholinergic muscarinic receptors (Roberto and Brunelli 2000) . The PACAP-38 interaction with muscarinic receptors suggests a role of the peptide in learning and memory. Cholinergic pathways are well known to play an important neuromodulatory role in mnemonic functions associated with the hippocampus (Valentino and Dingledine 1981; Brandner and Schenk 1998) . One of the predominant effects of muscarinic receptor activation on hippocampal CA1 neurons is potentiation of currents through the NMDA receptors (Madison et al. 1987; Marchi and Raitieri 1989; Markram and Segal 1990; Auerbach and Segal 1994, 1996; Marino et al. 1998) .
The aim of the present study was to test the hypothesis that the PACAP-38-induced enhancement of CA1 fEPSPs shares a common mechanism with tetanus-induced LTP at CA1 synapses, and to assess whether the PACAP-38 potentiation was associated with the activation of NMDA receptors. We also further investigated the effect of a higher concentration (1 µM) of PACAP-38, which previously has been shown to produce a long-lasting depression of transmission at CA1 synapses (Kondo et al. 1997) . We found that PACAP-38 produced opposite dose-dependent effects on the CA1 fEPSP. Moreover, PACAP-38 modulated hippocampal synaptic transmission acting, in part, on NMDA receptors. The interaction of PACAP-38 with cholinergic and glutamatergic systems may provide an important mechanism by which the peptide could play a pivotal role in synaptic plasticity thought to underlie learning and memory.
RESULTS

Tetanic Stimulation Fails to Induce LTP After PACAP-38-Induced Enhancement of CA1 fEPSPs
Previously, we found that 0.05 nM PACAP-38 produced a long-lasting enhancement of basal CA1 fEPSPs and that this enhancement was occluded by previous induction of LTP by high frequency stimulation (HFS) (Roberto and Brunelli 2000) . In the present study, we examined the converse experiment (i.e., whether previous treatment with PACAP-38 would occlude LTP). Our results indicate that HFS fails to induce LTP in the presence of 0.05 nM PACAP-38 (Fig. 1) . The application of PACAP-38 increased the fEPSP slope to 176% ± 6.5% compared to the baseline value (n = 8) (P < 0.001). During the post-tetanic potentiation (PTP, 1 min after the HFS) the fEPSP slope was 262.9% ± 17.2%. After the saturation of LTP the mean of the fEPSP slope returned near the pretetanic value (186% ± 7.8%, 50 min after the third HFS) (Fig. 1) . In few slices (n = 4) after the application of PACAP-38 and before the HFS we readjusted the stimulation intensity (to 40%-50% of the maximal response) (Fig.  2) . Under these conditions, the HFS still failed to induce LTP (60 min after the last HFS, the fEPSP slope was 102.3% ± 9.4%, P > 0.05) demonstrating that the occlusion LTP by PACAP-38 effect relative is not due to maximizing the fEPSP. In control slices, the mean percent HFS-induced increase in the dendritic fEPSP slope during PTP and LTP (60 min after the last HFS) relative to baseline (pre-HFS recording) was 272% ± 9% and 157% ± 6.9% (n = 11), respectively (Fig. 2) .
These mutual occlusion experiments indicate that PACAP-38 and afferent tetanic stimulation share a common mechanism for expression of long-term enhancement of synaptic strength.
PACAP-38-Induced Enhancement of CA1 fEPSPs Is Partially Blocked by APV Application
In the CA1 region of the hippocampus tetanus-induced LTP is dependent on the activation of NMDA receptors (Bliss and Lomo 1973) . Because PACAP-38 can directly interact with the NMDA receptors (Liu and Madsen 1997; Wu and Dun 1997) , we hypothesized that the mechanisms of PACAP-38-induced enhancement and tetanus-induced LTP converged at the point of NMDA receptor activation. To investigate the involvement of NMDA receptors in the PACAP-38 action, we tested the effect of 2-amino-5-phosphonovalerate (APV) on the PACAP-38-induced potentiation (Fig. 3) . The APV attenuated the fEPSP increase produced by PACAP-38 (0.05 nM) in each of five slices tested (152.10% ± 12.14%; fEPSP slope facilitation induced by 10 min of PACAP-38 application; 122.2% ± 6.2% fEPSP slope facilitation induced by 10 min of PACAP-38 application in the presence of APV, P < 0.05) (Fig. 3) . Previously, we demonstrated that 0.05 nM PACAP-38-induced a long-lasting enhancement of basal CA1 fEPSPs, which was mediated by the activation of muscarinic receptors, because atropine blocked the PACAP-38 effect (Roberto and Brunelli 2000) . The effect of PACAP-38 in the presence of APV was significantly different than the effect of PACAP-38 in the presence of atropine (1 µM) (P&thuinsp;< 0.05).
The Effects of Cholinergic and Adenosinergic Antagonists on the Depression of fEPSPs Induced by a High Dose (1 M) of PACAP-38
In contrast to the facilitatory action of 0.05 nM PACAP-38 Figure 1 Tetanic stimulation fails to induce LTP after PACAP-38-induced enhancement of CA1 fEPSPs. PACAP-38 (0.05 nM) applied for 10 min (solid bar) increased the mean fEPSP slope. Under these conditions, tetanic stimulation (HFS; arrows) induced a transient post-tetanic potentiation of the fEPSP slope, but no LTP. One hour after the post-tetanic potentiation of the third HFS, the fEPSP slope was 186.7% ± 7.8%, which was similar to that with PACAP-38 alone (P &gt: 0.05). Dotted line represents the level of PACAP-38-induced enhancement before HFS. The mean SEM of fEPSP slope are plotted as the percent change over the baseline level. The tetanic LTP was induced by successive trains of HFS (100 Hz, 1 sec duration, 3 trains at 20-min intervals); the arrows denote the points at which the HFS was delivered. Each point plotted is the average of five traces, except for the first point after each HFS, which represents post-tetanic potentiation and an average of a single trace from each experiment. The traces in the inset represent the CA1 synaptic responses to Schaffer-collateral-commissural stimulation (average of five single sweeps) obtained from a slice recorded before (a), during bath application of 0.05 nM PACAP-38 (b), and after the successive trains of HFS (c).
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observed in our studies (see above), Kondo et al. (1997) showed that 1 µM PACAP-38 depressed the CA1 fEPSP. Therefore, we investigated the effect of high dose of PACAP-38. We confirmed the observations of Kondo et al. that 1 µM PACAP-38 induced a long-lasting depression of transmission at CA1 synapses. Bath application of PACAP-38 (10 min) caused a rapid reduction of fEPSP slope (8% ± 11.2% of control, n = 6) (Fig. 4) . The depression of the synaptic responses lasted during the washout (Fig. 5) .
To assess the possible contribution of cholinergic receptors to the depression induced by a high concentration of PACAP-38 we applied 1 µM PACAP-38 together with cholinergic muscarinic and nicotinic blockers (Fig. 4) . The depressive effect of 1 µM of PACAP-38 was not significantly blocked by 1 µM of atropine (n = 9) or 1 µM of mecamylamine (n = 8) (Fig. 4) . Nor was it blocked by APV (n = 7) (Fig. 4) . Because the PACAP-38 receptors are linked to adenylyl cyclase (Splenger et al. 1993) , their activation may lead to enhanced production of adenosine and subsequent activation of adenosine receptors (Scholz and Miller 1991; Gereau and Conn 1994) . To examine this hypothesis, we applied PACAP-38 in the presence of the A1 adenosine receptor blocker DPCPX. In the presence of DPCPX, the long-lasting depression induced by 1 µM PACAP-38 was not altered significantly (Fig. 4) .
Intermediate Doses of PACAP-38 Produces an Initial Decrease of fEPSPs Followed by an Enhancement. Atropine Does not Alter the Depressive Effect of PACAP-38 but Blocked the Enhancement
Given that low concentrations enhance fEPSP and high concentrations attenuate fEPSP, we predicted that intermediate concentrations would produce mixed responses. To test this hypothesis we reduced the concentration (0.5, 0.25, 0.1 µM) and the duration (5 min) of PACAP-38 application. This brief bath application of intermediate doses induced a biphasic effect on the fEPSP in all slices analyzed. There was an initial depression followed by an enhancement during the washout. The magnitude of these effects was concentration-dependent (Fig. 5) . After 5 min of 0.5 µM PACAP-38 Figure 2 Occlusion LTP by PACAP-38 is not due to maximizing synaptic response. The graph represents pooled data from 11 control slices (solid square), where the LTP was saturated by successive trains of HFS; the arrows denote the points at which the HFS was delivered. In four slices, in which 0.05 nM PACAP-38 applied for 10 min (solid bar) increased the mean fEPSP slope to 175% ± 5.5% (P < 0.001) compared to the baseline value, we readjusted the stimulation intensity to the 40%-50% of maximal response before the application of the first HFS in presence of PACAP-38 (open square). The HFS induced only the PTP (at 1 min after the first tetanic stimulation fEPSP slope was 243% ± 13.7%, P < .001) and failed to induce LTP (at 60 min after the last HFS the fEPSP slope was 102.3% ± 9.4%, P > 0.05). The mean SEM of fEPSP slope are plotted as the percent change over the baseline level. Each point plotted is the average of five traces, except for the first point after each HFS, which represents post-tetanic potentiation and an average of a single trace from each experiment.
Figure 3
The NMDA receptor antagonist APV attenuates the PACAP-38-induced enhancement of CA1 fEPSPs. The APV was applied to the slices 10-15 min before and throughout application of 0.05 nM PACAP-38. The APV (30 µM) significantly reduced PACAP-38-induced enhancement of fEPSP. At 10 min of PACAP-38 bath application, the percentage change in fEPSP slope was 122.2% ± 6.2% (n = 5; P < 0.05) in the slices treated with APV plus PACAP-38, which was smaller than in the slices treated with PACAP-38 alone (152.10% ± 12.14%; n = 9). At 50 min of washout from PACAP-38 and APV, the fEPSP slope was 143% ± 8.5 % (n = 5; P < 0.05) (in the slices treated only with PACAP-38, at the same timepoint the fEPSP slope was 178.0% ± 9.35%; n = 9; P < 0.05). The mean SEM of fEPSP slope are plotted as the percent change over the baseline level. (Inset) The traces represent the CA1 synaptic responses (average of five single sweeps) obtained from: (Top) a slice recorded before (a1), during (a2), and after bath application of 0.05 nM PACAP-38 (a3) and (bottom) a slice recorded during the APV application (b1) during the coapplication of 0.05 nM PACAP-38 and 30 µM APV (b2), and in the washout (b3).
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www.learnmem.org application the fEPSP slope was depressed to 6.7% ± 3.6% of the baseline (P < 0.05) (Fig. 5 ). This depression was not long lasting. During the washout a facilitatory effect appeared. After 15 min of washout, the enhancement of fEPSPs reached levels of 158.6% ± 14.6% (P < 0.05) and remained at that stable facilitated level (Fig. 5) . The application of 0.25 µM and 0.1 µM of PACAP-38 depressed the fEPSP slope to 24.3% ± 7.6% and 75.1% ± 9%, respectively, of the baseline (n = 7 and n = 6, P < 0.05) (Fig. 5) . At 15 min of washout in the slices treated with 0.25 µM and 0.1 µM of PACAP-38, the mean fEPSP slope was 149.6% ± 4.5% and 118.3% ± 8.7%, respectively, compared to the control value. In addition, atropine did not block the initial depression of fEPSP, but prevented the late enhancement produced by 0.5 µM of PACAP-38 and unmasked a long-lasting depression (Fig. 6 ).
DISCUSSION
Previously, we reported that brief bath application of 0.05 nM of PACAP-38 induced a long-lasting enhancement of the Schaffer collateral-commissural CA1 fEPSP, whereas PACAP-38 produced only a transient increase in the evoked responses after LTP was saturated (Roberto and Brunelli 2000) . In those studies atropine blocked both facilitatory effects (Roberto and Brunelli 2000) .
In the present paper, we show that tetanic stimulation failed to induce LTP after PACAP-induced enhancement of the CA1 fEPSP. These mutual occlusion experiments indicate that PACAP-38 and HFS enhance CA1 fEPSP through a common mechanism. The enhancement might be due to a postsynaptic regulation of NMDA responses through the activation of muscarinic receptors (Marino et al. 1998) or directly at the PACAP-38 receptor (Liu and Madsen 1997; Wu and Dun 1997) . Therefore, to determine the involvement of NMDA receptors we applied APV to block the NMDA receptors. The APV (30 µM) markedly reduced, but did not completely block, the fEPSP enhancement produced by 0.05 nM of PACAP-38. The effect of APV was less than the effect of atropine, suggesting that some of PACAP-38/muscarinic effects on fEPSPs are mediated by NMDA receptor-independent mechanisms. The facilitatory action of PACAP-38 might be attributable to a synergistic effect of cross-talk between different biochemical pathways by the combined activation of PACAP-38 receptors and muscarinic receptors. In future experiments, we plan to investigate the role of intracellular Ca 2+ and the adenylyl cyclase cascade in these interactions.
PACAP-38 enhances in a dose-dependent manner the spontaneous release of ACh from the septal cholinergic fibers in the dorsal hippocampus (Masuo et al. 1993) and ACh evokes multiple, concentration-dependent, effects on evoked responses at CA1 synapses (Bernardo and Prince 1982; Madison et al. 1987) . Specifically, ACh can induce a long-lasting muscarinic enhancement of EPSPs (Krnjevic et al. 1981; Marchi and Raitieri 1989; Blitzer et al. 1990; Markram and Segal 1990; Auerbach and Segal 1994) as well as a suppression of the CA1 responses evoked by stimulation of Schaffer collateral-commissural fibers (Krnjevic et al. 1981; Krnjevic and Report 1982; Sheridan and Sutor 1990; Auerbach and Segal 1996) . As PACAP-38 enhancement is 
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mediated by cholinergic receptors, we investigated the possible involvement of this pathway in the PACAP-38-induced depression. Atropine and mecamylamine did not block the PACAP-38-induced depression, demonstrating that this effect is not dependent on cholinergic transmission. The APV also did not block the depressive effect of PACAP-38. This result is consistent with the Kondo et al. (1997) report showing that NMDA receptors are not involved in this PACAP-38 effect. Blockade of A1 receptors did not prevent the PACAP-38-induced depression, showing that the involvement of cAMP metabolites are not required to depress the synaptic transmission in CA1 region (Scholz and Miller 1991; Gereau and Conn 1994) . In our study the depressive effect of PACAP-38 (1 µM) was stronger than the effect reported by Kondo et al. This might be due to the different age of the rats used in the two studies (Kondo et al. 1997 ). We exclude a nonspecific damage of the tissue, as the presynaptic component was preserved, although the peptide caused a nearly complete abolishment of fEPSPs. In fact, the increase of the stimulation intensity was correlated to an increase of presynaptic volley amplitude showing the functionality of the synapse (data not shown). We reduced both the dosage and the time of application of PACAP-38. Interestingly, shorter (5 min) bath application of (0.5-0.1 µM) PACAP-38 exhibited an initial depression followed by an enhancement of the fEPSP. The late facilitation seems to be inhibition-dependent, suggesting a mechanism of postinhibitory rebound. Atropine did not alter the initial PACAP-induced depression, but blocked significantly the PACAP-induced late enhancement of the fEPSP. Although, muscarinic receptors are also involved in this facilitatory effect, the intracellular pathways underlying the two types of facilitation (low-dose PACAP-induced enhancement and high-dose PACAP-induced late enhancement) may be different. If the facilitation after inhibition was merely due to the residual (low) concentrations of PACAP-38 remaining in the slice, then this effect should be seen at all three doses. Further studies are needed to clarify these issues.
An important question is: How does PACAP-38 induce different effects at different dosages? The PACAP-38 receptors are currently grouped into at least two types on the basis of their affinities for PACAP and VIP: type I receptor that can activate adenylyl cyclase and stimulate phospholipase C leading to increased intracellular cyclic AMP (cAMP), inositol triphosphate (IP3)-mediated calcium mobilitazation, and calcium and diacylglycerol (DAG)-mediated protein kinase C (PKC) activation, and type II receptor that is coupled to adenylyl cyclase alone (Splenger et al. 1993) . Type I binding sites exhibit high affinity for PACAP and much lower affinity for VIP; type II binding sites possess similar affinity for PACAP and VIP (Gottschall et al. 1990 , Vaudry et al. 2000 . High levels of type I and type II binding sites occur in the cholinergic septohippocampal terminals and a high concentration of type I binding sites is also observed in the pyramidal cells of the hippocampus. Thus, various signal transduction pathways elicited by activation of PACAP-38 receptors may differ at different doses and explain the opposite effects. Intracellular recordings are underway to determine whether these PACAP-38 differential effects are due to different intracellular mechanisms.
In conclusion, in this report we have demonstrated that the peptide PACAP-38 can differentially modulate synaptic strength in a concentration-specific manner. The enhancement of the CA1-evoked response is mediated by both muscarinic and NMDA receptors. In addition, the long-lasting PACAP-38 (0.05 nM)-induced enhancement and the expression of LTP share in part a common mechanism that involves the activation of NMDA receptors. Because PACAP- Figure 6 Atropine blocks the late enhancement of CA1 fEPSP produced by an intermediate dose of PACAP-38. Superfusion with 0.5 µM of PACAP-38 for 5 min caused a rapid and transient depression of the fEPSP slope (6.67% ± 3.67%, P < 0.05), followed by a long-lasting facilitation of the fEPSP (158.6% ± 14.6%, n = 4, P < 0.05). Atropine (1 µM) did not block the depression induced by PACAP application at 0.5 µM but blocked the facilitation. Note that in the slices treated with atropine the depression was long lasting on washout. The mean SEM of fEPSP slope are plotted as the percent change over the baseline level. (Inset) Representative records of fEPSP obtained from traces represent the CA1 synaptic responses (average of five single sweeps) obtained from: (Top) a slice recorded before (a1), during (a2), and after bath application of 0.5 µM PACAP-38 (a3) and (bottom) a slice recorded during 1 µM atropine application (b1) during the coapplication of 0.5 µM PACAP-38 and 1 µM atropine (b2), and in the washout (b3). 
Differential Effects of PACAP-38 in CA1
& L E A R N I N G M E M O R Y
MATERIALS AND METHODS
The experiments were performed on transverse hippocampal slices (400 µm) obtained from Wistar rats (100-180 g). Hippocampal slices were prepared as described previously (Roberto and Brunelli 2000) . Animals were anesthetized with halothane (3% in air) and then decapitated. The brain was rapidly excised and cut using a vibroslicer (Campden Instruments Ltd). Slices were stored at room temperature for at least 60 min in artificial cerebrospinal fluid (aCSF) of the following composition (in mM): NaCl, 130; KCl, 3.5; NaH 2 PO 4 , 1.25; MgSO 4 , 1.5; CaCl 2 , 2; NaHCO 3 , 24; glucose, 10; and gassed with a 95% O 2 -5% CO 2 gas mixture at pH 7.4. For recording slices were transferred to a submerged recording chamber for experiments and perfused with aCSF at a rate of 2 mL/min at 30°-32°C. Excitatory postsynaptic field potentials were recorded extracellularly from the apical dendritic layer of CA1 (stratum radiatum) with a glass micropipette (2-5 M⍀) filled with aCSF (Roberto and Brunelli 2000) . The signals were amplified and filtered (DC-3 KHz) using an amplifier (Biomedica Mangoni, 612P). The data were stored on a PC for data analysis using software developed with LABVIEW (National Instruments). Bipolar electrodes (SNEX-200, Rhodes Med. Instr.) were used for stimulation of Schaffer collateralcommissural afferent fibers. The intensity of the test stimulus, delivered at 0.033 Hz, was adjusted for each slice so that the fEPSP was equal to ∼40%-50% of the maximal amplitude of the fEPSP. Only slices in which fEPSPs were constant for 20-30 min were used in this study. Evoked responses were averaged from five sweeps and the slope of the fEPSP was measured. Compiled data were expressed as the mean ± SEM. Statistical analysis was done using a one-factor ANOVA with repeated measures followed by a Fisher's post-hoc test. Statistical significance was set at P < 0.05.
Saturation of LTP was induced by successive trains of HFS (100 Hz, 1-sec duration, 3 trains at 20-min intervals) at the same intensity of the test stimulus until no additional potentiation was elicited. In control slices, HFS of the Schaffer collaterals consistently produced PTP of the synaptic response that lasted 1-5 min and that was followed by LTP that lasted a minimum of 60 min.
PACAP-38 was dissolved in acetic acid (5%) then added to aCSF (final acetic acid concentration 0.005%). Atropine, a nonspecific muscarinic receptor antagonist, and mecamylamine, a nicotinic receptor antagonist, were dissolved directly in aCSF. The APV was prepared as a stock solution in distilled water and diluted in aCSF. DPCPX, a selective A1 adenosine receptor antagonist, was dissolved in dimethylsulfoxide (DMSO; 0.1%) then added to aCSF (final DMSO concentration 0.01%). Vehicle controls of acetic acid or DMSO demonstrated no observable effects on synaptic transmission. Atropine, mecamylamine, and DPCPX when used, were applied in the bath for 10-15 min before the application of PACAP-38, and during PACAP-38 application. 
